Porous ceramics of Y 2 O 3 -stabilized ZrO 2 (YSZ) were prepared by tape-casting methods using both pyrolyzable pore formers and NiO followed by acid leaching. The porosity of YSZ wafers increased in a regular manner with the mass of graphite or polymethyl methacrylate (PMMA) to between 60% and 75% porosity. SEM indicated that the shape of the pores in the final ceramic was related to the shape of the pore formers, so that the pore size and microstructure of YSZ wafers could be controlled by the choice of pore former. Dilatometry measurements showed that measurable shrinkage started at 1300 K, and a total shrinkage of 26% was observed, independent of the amount or type of pore former used. Temperature-programmed oxidation (TPO) measurements on the green tapes demonstrated that the binders and dispersants were combusted between 550 and 750 K, that PMMA decomposed to methyl methacrylate between 500 and 700 K, and that graphite combusted above 900 K. The porosity of YSZ ceramics prepared by acid leaching of nickel from NiO-YSZ, with 50 wt% NiO, was studied as a function of NiO and YSZ particle size. Significant changes in pore dimension were found when NiO particle size was changed. Porous ceramics of Y 2 O 3 -stabilized ZrO 2 (YSZ) were prepared by tape-casting methods using both pyrolyzable pore formers and NiO followed by acid leaching. The porosity of YSZ wafers increased in a regular manner with the mass of graphite or polymethyl methacrylate (PMMA) to between 60% and 75% porosity. SEM indicated that the shape of the pores in the final ceramic was related to the shape of the pore formers, so that the pore size and microstructure of YSZ wafers could be controlled by the choice of pore former. Dilatometry measurements showed that measurable shrinkage started at 1300 K, and a total shrinkage of 26% was observed, independent of the amount or type of pore former used. Temperature-programmed oxidation (TPO) measurements on the green tapes demonstrated that the binders and dispersants were combusted between 550 and 750 K, that PMMA decomposed to methyl methacrylate between 500 and 700 K, and that graphite combusted above 900 K. The porosity of YSZ ceramics prepared by acid leaching of nickel from NiO-YSZ, with 50 wt% NiO, was studied as a function of NiO and YSZ particle size. Significant changes in pore dimension were found when NiO particle size was changed.
I. Introduction
P OROUS ceramics have a number of important applications in devices that include filters, gas burners, bioceramics, fuel-cell electrodes, and membrane reactors. 1 While there are a number of ways to synthesize porous ceramics, [2] [3] [4] [5] [6] [7] [8] [9] tape casting with pore formers appears to be one of the simplest and most flexible methods, and highly porous ceramics can be achieved in this way, even after high-temperature calcination. 9, 10 Tape casting can also be easily adapted to prepare multiple layers. For example, in some applications, it is desirable to attach a porous layer to a dense ceramic layer. 11, 12 By casting or laminating two layers in the green tape, porous and dense layers can be formed in a single step on calcination.
In our own work developing copper-based ceramic-metallic (cermet) composites for anodes in solid oxide fuel cells (SOFCs), 10, [13] [14] [15] [16] [17] the synthesis of a porous Y 2 O 3 -stabilized ZrO 2 (YSZ) matrix is the first step in the fabrication of the cermet. Because the melting temperatures of Cu 2 O and CuO are below those necessary for YSZ sintering, we have prepared Cu-YSZ cermets by impregnating soluble salts of copper into porous YSZ structures after the YSZ has been sintered. 16, 17 Because the cermet anode should be 30 vol% metal to ensure electronic conductivity and should still remain highly porous to allow diffusion of fuel to the electrolyte interface, 18 very high initial porosity is desirable for the YSZ before addition of CuO x . We have focused on preparing porous YSZ by tape-casting methods, with both pyrolyzable and nonpyrolyzable pore formers. 10, 19 Carbon-based pyrolyzable pore formers are removed by combustion during high-temperature calcination. Nonpyrolyzable oxide pore formers remain in the YSZ following calcination and are removed by additional processing in a separate step. 19 It is well-known that SOFC performance is affected by the structure of the anode. 20 -24 Therefore, it is very important to be able to control the overall porosity and structure of the pores in the porous YSZ matrix that is used to make the anode. In this paper, we report the results of our investigations in the fabrication of porous YSZ using both pyrolyzable and nonpyrolyzable pore formers. It is demonstrated that desirable pore structures can be obtained through the use of selected pore formers and that the size of the pores can be "fine-tuned" by changing the particle sizes of oxides in the green tape. Finally, some insights into the mechanisms of forming pores through the use of pore formers are reported.
II. Experimental Procedure
The properties of the YSZ and NiO used in this study are shown in Table I. The YSZ was an 8 mol% YSZ (8% Y; TZ-8T, Tosoh Corp., Tokyo, Japan), and the NiO was obtained (Alfa Aeser, Ward Hill, MA). To increase the particle size, some powders were heated to 1823 K for 12 h. Smaller particle sizes were obtained through ball milling for 3 d in distilled water using 0.5 mm YSZ balls. The mean particle sizes and particle size distributions were determined by a particle analyzer (Model Horiba LA920, Delta Analytical, Inc.). The particle size distributions were expressed as the ratio of the standard deviation in the particle size to the mean particle size. The carbon-based pore formers were graphite (325 mesh, conductivity grade; GE, Alfa Aeser), polyethylene (low density, Ͻ300 m; PE, Alfa Aeser), and polymethyl methacrylate (MW of 540 000; PMMA, Scientific Polymer Products, Inc., Ontario, NY).
The tapes were prepared using a dispersant (Duramax 3005, Rohm & Haas, Philadelphia, PA) and binders (HA12 and B1000, Rohm & Haas). The relative amounts of each component are shown in Table II for a tape with 36 wt% pore former, with the concentration of pore former given as the ratio of weights for pore former to pore former and oxide. In all cases, the relative amounts of each component in the tapes were the same except for the amount of pore former added. Slurries were prepared by mixing YSZ powders with the pore former in distilled water and dispersant. After stirring the mixtures for 1 d, the binders were added to the slurry, followed by additional stirring for 9 -12 h. The slurries were cast manually onto a Mylar sheet to give a tape that resulted in a thickness of 600 m for the fired ceramic. After drying, the green tapes were cut into round or rectangular pieces, heated to 1823 K at 2 K/min, held at this temperature for 4 h, and finally cooled to room temperature at 2 K/min.
The stirring times for the slurries were chosen to ensure a smooth homogeneous mixture for tape casting. Additional evidence that both the YSZ and pore former powders were welldispersed came from the uniform appearance of the final porous ceramics that were produced from the tapes. Even though the surface concentrations for the dispersant must have changed with oxide particle size and pore former loading, well-dispersed mixtures were obtained in all cases, except with high loadings of polyethylene. The high flexibility of acrylic emulsions for tape casting has been recognized in the literature. 11, 12 To produce NiO-YSZ composites, we used the same procedure given elsewhere. 19 For the present experiments, the weight ratio of NiO and YSZ was always 1:1, and the green tapes were prepared in a manner identical to that described above and in Table II , with a NiO-YSZ mixture replacing the YSZ. In all cases, 20 wt% graphite was added to the mixture, and a good slurry dispersion was observed for all particle sizes. After calcining the green tapes to 1823 K in air, each sample was reduced in H 2 at 973 K for 10 h to convert the NiO into nickel. The nickel was removed from the Ni-YSZ cermets by acid leaching, taking advantage of the fact that ZrO 2 is insoluble in acid solutions. Approximately 0.5 g of Ni-YSZ wafers was placed in 50 mL of 2.2M HNO 3 at 353 K for 2 h.
The removal of the pore formers and binders was studied using temperature-programmed oxidation (TPO). In these experiments, ϳ0.4 g of tape was placed in a tube furnace and heated at 10 K/min to 1173 K. At the entrance to the furnace, the gas flow rate was 30 mL/min and consisted of 20 vol% O 2 in helium. The gas composition at the exit was monitored using a quadrupole mass spectrometer to determine the O 2 consumption and products formed.
The sintering behavior of the tapes was determined using a dilatometer (Model 2016, Orton Research Inc., Cambridge, MA) at a constant heating rate of 3 K/min. All dilatometry specimens were round pellets, ϳ 0.2 cm thick, and 1.0 cm in diameter. SEM images of the dense and porous YSZ layers were obtained using a microscope (Model 6300/400, JEOL, Tokyo, Japan).
The porosities in this paper were measured using water immersion by calculating the porosity from the weights of the dry sample and the water-saturated sample. To ensure water saturation, the samples were immersed in boiling water and allowed to cool in water before weighing. Porosities measured by this method were reproducible within 1% and were found to be consistently 10% lower than porosities obtained from mercury porosimetry. 19 Obviously, closed pores could not be observed by either technique.
III. Results

(1) Pyrolyzable Pore Formers
As an initial indicator of the temperature at which densification of the YSZ ceramic occurred, we performed dilatometry measurements on selected samples, with the results shown in Fig. 1 . The samples examined in Fig. 1 used the as-received YSZ(A) powder, and only the type and amount of pyrolyzable pore formers were changed. Because these measurements showed shrinkage in only one dimension, without a substrate to constrain shrinkage, the data should be considered a qualitative measure of sintering only. All changes observed in this study were irreversible and much larger than reversible thermal expansions, which would be ϳ1% for a 1000°temperature change. The data showed that shrinkage of the tapes was negligible below 1300 K, so that most densification occurred above this temperature. Furthermore, shrinkage was ϳ26% for all the samples tested. The presence of pore formers had no effect on the dilatometry results to a first approximation. This agreed with an earlier report from the literature, which explained the finding as resulting from a constant packing density for the ceramic powder in pore walls. 7 We also examined the shrinkage of tapes made with ball-milled YSZ(B), precalcined YSZ(C), and 50:50 mixtures of YSZ(B) and YSZ(C). The shrinkage of tapes made with YSZ(B) was very similar to what we observed in Fig. 1 . Densification occurred in the same temperature range as with the untreated YSZ, and the total shrinkage, ϳ26%, was essentially the same as with YSZ(A). We were unsuccessful in preparing ceramic wafers from YSZ(C). Calcination of tapes prepared with YSZ(C) resulted in only powders, even after attempts to change the relative amounts of binder and dispersant; however, we did not investigate the reasons for our inability to form ceramics from YSZ(C), whether the high-temperature treatment of this powder affected the surface chemistry of the oxide or some other property. 25 Finally, ceramic wafers could be produced from tapes made with 50:50 mixtures of YSZ(B) and YSZ(C), but the total shrinkage observed in dilatometry measurements was only ϳ10% after heating to 1823 K. Others also reported decreases in tape shrinkage when using precalcined powders. 26 Because the much lower shrinkage observed in this mixture would make it difficult to produce ceramic bilayers with tapes produced from either pure YSZ(A) or YSZ(B), we did not pursue this further. Figure 2 and Table III show the porosity of ceramic wafers prepared using the various pore formers and a calcination temperature of either 1523 or 1823 K. In agreement with the dilatometry results, 1523 K calcinations were insufficient to make the resulting ceramics dense, even when pore formers were not included in the green tape. For samples calcined at 1823 K, porosity was negligible in the absence of pore formers and increased almost linearly with the amount of added pore former over the range of concentrations examined. No significant differences were observed in the porosity of ceramics made from YSZ(A) or YSZ(B). While the final porosity after calcination to 1823 K did not depend strongly on which pyrolyzable pore former was used, higher porosities were obtained for PMMA than for graphite, probably due to PMMA having a lower density.
For the data in Table III , the relative amounts of binders, dispersants, and YSZ were fixed. To determine how additional binders and dispersants would affect the results, ceramic samples were made without pore formers but with a threefold increase in the amounts of binders and dispersants compared with the amounts shown in Table II . After calcination to 1823 K, the porosity of these samples was 45 vol%, a value close to that which would be obtained on a sample containing an amount of pore former equal to the additional binders and dispersants that were added. Obviously, the polymers present in the excess binders and dispersants that we used could themselves act as pore formers, showing that the amounts of added binders and dispersants must be carefully controlled.
TPO measurements were performed to determine the temperature at which the pore formers were removed and to provide insights into the mechanism by which they were removed. Figure  3 shows results for calcination of a green tape made without pore formers. Clearly, O 2 (m/e ϭ 32) was consumed, and CO 2 (m/e ϭ 28,44), CO (m/e ϭ 28), and H 2 O (m/e ϭ 18) were formed between 600 and 800 K, corresponding to the removal of the dispersants and binders. Graphite was added to the green tape, and the TPO results are those shown in Fig. 4 . The addition of graphite gave rise to O 2 consumption and CO and CO 2 formation at a temperature Ͼ900 K, in addition to the O 2 consumption features between 600 § Volume percentage of pore former in the green tape can be calculated from the masses and relative densities shown in Table I . and 800 K due to the dispersants and binders. The TPO result for a tape made with PMMA ( Fig. 5) showed that the PMMA decomposed to methyl methacrylate (m/e ϭ 41,39,69). 27, 28 Because PMMA was not combusted, significantly less O 2 was consumed during calcination of the tape with PMMA compared with that observed for a tape with a similar amount of graphite. A TPO of pure PMMA also showed decomposition to methyl methacrylate, with negligible combustion, in exactly the same temperature range as shown in Fig. 5 (between 500 and 700 K).
To determine the relationship between ceramic microstructure and the type of pore former used, selected ceramic wafers were examined by SEM. The micrographs of wafers prepared using YSZ(A) and either 36 wt% PMMA or 36 wt% graphite are shown in Fig. 6 , along with micrographs of the pore-forming powders themselves. Figure 6 (a) indicates that materials prepared with PMMA show large spherical cavities between 50 and 100 m in diameter. The cavities were very similar in shape and slightly smaller than the PMMA particles (see Fig. 6(b) ). Indeed, the fact that the PMMA particles were somewhat larger than the spherical cavities produced in the ceramic could be explained easily by the fact that shrinkage occurred in the ceramic at temperatures well above those at which the PMMA was removed. By contrast, the pores formed by the graphite particles were much smaller, as shown in Fig. 6(c) . In agreement with mercury porosimetry data performed on similar samples prepared using the same starting materials, 19 the material made with graphite had relatively uniform pores, with an average pore size of ϳ1 m in diameter. Figure 6(d) shows that the graphite particles were again similar in size to the pores that they formed. Not surprisingly, materials made with a mixture of PMMA and graphite pore formers had both small and large pores, as shown in Fig. 7 .
Finally, materials made with the ball-milled YSZ(B) were more uniform in appearance but were otherwise identical to those made using YSZ(A). The better uniformity was likely the result of the breaking up of agglomerates in the starting YSZ powder.
(2) NiO as Pore Former
Our group has recently demonstrated that porous YSZ could be prepared by first forming a Ni-YSZ cermet, then removing the nickel by leaching in boiling HNO 3 . 19 In this case, NiO acted as the pore former for YSZ. Unlike the case with pyrolyzable pore formers, NiO remained in the YSZ structure at the temperatures where YSZ densification occurred. Because the oxide particle sizes could be controlled, it was expected that this method could also allow control of pore size and pore size distribution. In the present study, the NiO:YSZ ratio was maintained at 1.0, and the same procedure described previously was used to make all the tapes. 19 We found that the nickel could be effectively removed from all the samples prepared in this study. After reduction and acid leaching, the weight of the ceramic samples decreased by exactly 50% within experimental error (Ͻ1%). The final porosities achieved after acid leaching, shown in Table IV , depended only on which NiO powder was used to prepare the ceramic. When ball-milled NiO(B) was used, porosities were 55% Ϯ 2%, independent of which YSZ was used. When the as-received NiO(A) or calcined NiO(C) was used, the final porosities were 70% Ϯ 3%, in good agreement with the findings from a previous study. 19 The lower porosity of samples prepared with NiO(B) were correlated with a higher shrinkage of the green tapes. Shrinkage with NiO(B) was found to be ϳ35%, compared with a value of 25% with NiO(A) and Ni(C). The different shrinkage of the sample made with NiO(B) was probably related to the ratio of NiO and YSZ particle sizes, as has already been demonstrated in the literature. 22, 26 The most interesting result from the use of NiO pore formers is shown in Fig. 8 , which presents SEM micrographs of ceramic wafers prepared with YSZ(A) and either NiO(B), NiO(A), or NiO(C). All the samples have the appearance of a highly porous ceramic sponge with very uniform particle size distributions. However, the pore dimensions clearly change in a regular manner with the NiO particle size used in the preparation of the ceramic. Indeed, the characteristic pore dimensions correspond well with the initial particle size of the NiO given in Table I . Pores of 1-2 m (Fig. 8(a) ), 3-4 m (Fig. 8(b) ), and 10 -15 m (Fig. 8(c) ) were observed using NiO particle sizes of 1, 4, and 16 m, respectively. Therefore, the use of NiO as a pore former for the preparation of YSZ does allow control of the pore size distribution.
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IV. Discussion
There is obviously much literature on the use of pore formers to achieve porous ceramics. 1 What we have tried to do here is to develop procedures specific to preparing highly porous hightemperature YSZ with controlled porosity and pore structure. This has been largely accomplished. The primary application for these materials is in the synthesis of copper-based anodes for SOFC; however, it is likely that these materials could find other applications as well.
Our results with pyrolyzable pore formers agreed well with the comprehensive investigations of Corbin and co-workers, 9 who studied the effect of graphite loading and polymer content on tape shrinkage and final ceramic porosity for YSZ. As in their reports, we found that the total volume of pores depended on the loading of pore former. Also in both studies, the shape of the pores was related to the shape of the graphite pore former. As a result, we extended our study to include polyethylene and PMMA pore formers. Finally, in agreement with their results, shrinkage of the tapes did not depend on pore former loading.
It is interesting to consider the mechanisms behind pore formation. In the case of PMMA, the pore formers have been removed from the green tape by 700 K, while the main densification of the ceramic occurred above 1500 K, as indicated by both the shrinkage and loss of porosity of the tapes without pore formers. Clearly, pore structure had already been imprinted on the 
55% Ϯ 1% ceramic at relatively low temperatures. The shape of the pores and the fact that porosity increased with the mass of the pore formers, independent of which pyrolyzable pore former (graphite, PMMA, or polyethylene) was used, indicated that the pore formers must act as templates. Corbin and co-workers 9 made similar arguments but noted that templating alone could not result in interconnected pores unless the amount of pore former used reached the percolation threshold. At low pore former loadings, the pores should not be accessible to the external surface, while the measurements performed by both them and us showed accessible pores at very low loadings. Corbin and co-workers 9 argued that additional pore volume must be introduced by oxide particle bridging, which was also necessary to explain our findings.
The use of NiO as a pore former appears to offer an additional level of control for determining the pore size distribution; however, the additional acid leaching step may make the use of NiO impractical for most applications. Still, it may be useful in some applications, possibly in conjunction with the use of pyrolyzable pore formers. 29 One interesting aspect of the NiO results is that they provide information on the structure of the initial Ni-YSZ cermets from which they are made. It has been demonstrated the particle sizes for NiO and YSZ affect the performance of Nicermet anodes in SOFCs, probably due to the resulting domain sizes for the nickel and YSZ phases. 21, 22 Porosity in the leached samples provides direct evidence for those changes in domain size and confirms the picture that has been proposed.
V. Conclusions
We have demonstrated that highly porous YSZ ceramics can be prepared through the use of either pyrolyzable pore formers or by acid leaching of nickel from Ni-YSZ cermets. The size and shape of pores produced by these pore formers are similar to those of the initial pore formers, so that good control of pore size and microstructure can be obtained in YSZ ceramics.
